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AIJS1’I<A(”’1’
WcI introduce tl~e Brilicmirl sckctive  sideband aln~~lificatioll  tcchniquc  allcl clclllollstfatc nlaIIy irltportant
applications of this technique in photc)nic microwave systems, illclucfing efficient phase modulation to
amplitude modulation conversim,  p}lolmlic frequency ]~ltllti~>licatic)ll,  plmtonic sig[]al nlixil][; W’itll gain, and
frequency nlultiplid signal up co]]versic)n. ~lsin~ the Brilloui[l aln~)lificatio]], w’c also de[nonstratd  an all
o]>tical o})to-clcct[onic  oscillator tl]at Clilllinate  the use of the pow’cr co]lsur]lil)~ and t)ulky electrical
aInplificrs.

WC sl~om ill tlli+ ]}apvr t)ot}l cx~w[illlc[ltally and a n a l y t i c a l l y  tl~at l~[illollill  arl]~)lificatioll  CaII  dfasticaliy
iln~]rovc t}w lwI (~)rtltancc and (,xtt,[~d tlic functionality of aII a[lalog ptlotc)llic Systc’111 if pro~wr]y usd. WC
introduce a lIo\\,cI [[II sclcctivc  sidcl],llld anlplification collcc}>t and Ctemo[lstl attd many illlportd]lt ap~)lications
in rnicrowa~’c pliotonic cc)rllll]lltlicati[)rl systems that flllly exploit the advantap,c’s  of l\ I-illouin ar]lplificaticrn
aIICl circu[nl~c[)[ i[~ clisad~’atlta~,c,s.

[)1{11,1.OUIN Ahll’Ill ;l[’A”l’lONl 01 .AJNA1,OC;  S1(; NAI ‘I
}~rillol(ifl sr(7fl~I III,f l}lcflslltft)lclil
stitl]lllat~cf ])r-illc)llill  scat[crins  (S11S)  is tile most sellsitii’(  l~(,l~lilwar  o[)tic (lfrc’t in O[)tical filwrs tvitll a
tl~rcshold po~vct as loki’ as fc}~’ ll~illiwatts. lf tllc in~~ut cl~]tical polvcr ill a })llc~tol~ic  li[lh cxcccds  tllc SHS
tllrcsholcf, tllc for~var-ct goi[ig o~ltical si~m] will be scattcrd back due to it~ interaction \\fitll an acoustic grating
it gelteratd via eletrc)rcstrict it’c effect (’consequently, tlIc forward goins  si~[lal at tlw output will be saturated
Jvitl] the incrcaw, of tlw input pow’ct.

Ilccausc the acoustic g[-atins is ]I]ol’i[lf, in tlw direction of ttlc })ulnp Iisht, tile fr(’qllcncy of the t~ackscattercd
light will be ctowII stlifld I)y \f,{ via l)op~)lcr  effect:

L’ji = 211 7),, p,,, (1)

w’lwre I)fl is tlw k’elocity of ttw acoustic wave in the fiber-, /1 is t}lc refractii’c irlrtcx of tile fitwr, arid ?L,, is the
wraveleng[h of tl]e }Jurnp twain.

};i~, 1 a is the ex[wrirnental set u~, for lncasurirlg tlw S1;S tllrcs}lotct ar]ct }mw’cr. Ir] tlIe Cx}x,rilnclit, a fiber lcrl~ll~
of 1 ?.8 km was USCCI ar]ct care was takerl to nlinimiw  t)ackrcflections from various device’s. The t)ackscatterd
power is mcasllrcct at port 2 of tile coul)lcr arlrj tllc in~>ut }mwcr 10 the fiber was xllonitord  at port 4 of tlic same
cou])ler. l:ig. lb show tile S11S ~mwcr and throughput power after tlw 12.8 km fiber. The vertical axis of the
l;ig. lb is in log scale to sho~v data of s]nall value ar]d tllc insett sl]ows the same data ill linear scale. It is
evident from the insert that the S11S tl]rcshold is about 10 IIIW. Almvc tile tllrcsholcf lmw~cr, tlw tllrou~llput is
saturated and tile S11S power incrcascs rapictly witl] tile irlf)llt po~i’er.



Is(l[a(()[ Varial)!c
YA(; I aser \ A[trnuaI(M

‘) f%, “U)4_&’ci

10 ‘

; 100”

c. .
& 1o-”
>
: 10-2
3
c1. .

-30 10

I o -4

0
> ●ll

EjI o T “-
: 8 *

0 .
6 .: .
4 .

●- ? / . 7  .  .  .  .  .  . b):
.0 u

● 10+ 20-?0 40
●

L_.——J_——.—.—L..-1_ .  .._L————4
10 ?(I 30 40

Illpu(  I’ow[ (Illw)

l;ig. 1. a) Stinlulatcd BriiloLlin Stalk’[in~, MCId$LIICIImIt  Setup. b) ‘1’hroLlgilpLl[  pov.’cr ancl S11S pourer a~ a
fu[lctior~ of inpLlt  IK)WCI poltkxi OII a lop, scale. ‘1’hc insert is ttm same data plot[cd on li[lcar scale.
0: (llr~ll]~,ll  pLI( l) OW’CI, 8: S11S [I(IWfC[.

Ily introducing a r(,flmlion at port 4 in l;ig. 1a, lvc measured tlw beat i[lg s~)c’ctrum of the Ilrillouin scattering
signal with the ori~illal pLIIn}) si~[lal usin~ an 1<1: s~wctrum analymr. ‘1’hC }K’ak Of [l\C s~l{’ctl”lll[l 1S at ]2.8 (;1 ]7
and tlw 6 dtl bandwidth is alwut 13 h4t IY.. ‘1’tlis results inclicatc that the frequency of the I!r-illouill scat[c,I-il~~, is
shifted from tllc pLlm}> signal by 12.8 (;} 17 and tlIc 3-di\ o})[ical t)andwicttll of tllc I}rillolli]l scattcrill~ is al)o~lt
]~ h41 lY. ~’hc’ lillc’ wici(h a!~cf tl~c fI<’qucIIry  c)f t]lc [{rillcruin scatter’il~~ is founcf to tw indc~wl~clctlt of tt~c },  Lllll\>

pow?cr.

B?illol{itl  A~~/pli~ic///ioti
It is ilnportant to I~oticc frorl~ l;i~. II) that C\ICII  twlow t}lc tllrcsholct, tlwrc is a sllt~stantial Spontancc)us l~rillouin
scattcrin~ presence. Jf a narrow-l)anct  sc(d si~,[lal with a fr(q[icltcy of 1’,, - 1’[{, L\rtlt’rt 1’,, is tlw frulLtcilc~, {If tll~
]>UIII1, laser, is injccld into tllc filler ftonl tl~c o~)~msite eIIcl of tl}c }JLllnp,  the interaction of tlm scccf si~,[kll \\itll
tlw pump will greatly cIIhince  tlw induc(d acoustic gratillfi, c,l[lsirl~ Irlc)re backscattcrinp, Of t)m f>urnp illtcl tll[’
wed and effectively arnl>lifyirls the sceci sit; [lal. III c)tller }irords, ttlc influence of tllc sc(d si$nal convcrt~ tllc
s[x~rttarwOLls l~rlllOLlill  scdll[’rlr]~ irito a slir]l~]l<)lf,cl  l{rillotlir~  sc<]((c,rirlg,  at a ptlr[)})  J,oii,(.r  l]llr~}]  t)~l[)~y lll(. S1)S
tll]c’sllold  The sti[ll~rl<ltcd  t)ackscattctirli; lr~;llt \\’ill  add Ir}l ill I)llasc \vitll tile S((d arid F,rcatly arrlf~lll} tl~c
S(,C,CI This ~)roccss l.l LCIll CCl Ilrillo[lirl :lti~],lilic<ltic)l]. 1 lkC<ILIS(> (>f il> narrow I)al[[l\t’i(ltll,  IJrillollirl
dllll)lification was [;L,IIt,rally Corlsictcrd to IWL it~~prac tical f~)t ,Illl})lifyirl,g cfir, ital sit; rral~ of lnucl I lcar/;c I
lml~clkvicltll. As ~viil I)c discussd lwlolir, OIK lnay ~et arollnd this Iimit,ation in lt~arly  a~~])lications l~y ~r<ir~~  tl~(
cc)Ilcc~)t  of selective sicicbancl  aln}~lificatioll  Lrniquc to I;rillouin aInplificatiOn.

7’IIc ~o}lcepf oj Sclccfiw Sidrhtld Attl/jli~icrrfiot/
An optical signal may typically incl(lde arl o])tical carrier and lom’cr and u~>}wr ~r~odulation sidebands, ~i’ith tllc
sicfe[]ands much w~cakcr tlrarl tile carrier, a+ slIok\’11  in l:i~. 2a. “1’t~c rcceivecl  sigl]al  in tllc pllcrtodctector is tllc
beat bcttvecn tllc carrier and tl]c sidc[]ancis.  If an o~)tical an]plificr,  sucl] as a selllicOI\cfuctOr O1)tical  alll})lificr
(SOA), an l;r+ dopd fihcr amplifier (1{1 )l:A), or a fiber Raman amplifier, is USCCI to amplify the signal, both
the strong carrier and the weak sictcl~ands  arc amplificct. “1’l~is  process is not efficicIlt t~ccaLlsc  tlic already
strong carrier may saturate the amp!ificr, causing illSLlffiCiCllt amplification of tllc IICCdy sidcbancts. 111
addition, the strong arnplificcl carrier lnay also sat Llratc the photoctctcctor, fLlr(llcr Iirniting [hc arlll)lificCatiOrl
of tllc infornlatiol~  cartyiri~ sictd)ands.

l;ig. 2a and l;ig, 21) sl]c~w tllc concept of Ilrillollin sclcctii’c  sicld)and amplificatio[l. “1’hc narrow t~andl~’icttll  of
l~rillouin amplification is used to its acl~farita~c to sclcctivc]y  am})lify onc c)f t}lc weak sidebands and lca~fc
the stt-cmg carrier unchanged. ‘1’hc received 1<1: sigilal in t}lc ~~hotcdctcctor m’ill bc the beat t)ctwccn tllc strollfl
carrier and the am~)lifid sideband. ‘1’his way, wc call ctI amatically incrcasc t}lc Inocfulaticm inctcx c)f tile
reccivcct l<l; si~nal and amplify it. 111 tllc cxpcrimcnt,  onc can cit}lcr tune the frequency of tlw pLIm])  laser or tl~c
frcqllmcy  of the signal laser so tl~at onc of tllc mOctLllatioIl sideband is coirlcicte with the frcqLlclicy  of tlw
Ilrillouin scattering and this siclcbanct will t)c amplified. Such an anl~>lifica(ion  schcrllc is IIILICh I]lorc cfficicmt
than other o~)tical amplification scllcl)lcs l)ccausc all I;rillouin scatlcrin~ cncrr,y fmrn tllc }~urup ]ascr socs irlto



tlw ncdy weak sicld)anci, l;ur[lwt-rnorc, twcallw tllc strtIIIg calricr  is lIot aln}~lifieci,  tlw saturatio  Il of tllc
receiving lJhotcrclctec[crr can be avoicfccl.
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a) ‘1’hc typical spcclruIII of an l{f; signal i[ll[){md (III aII (I}l[ical  earl icr. b) “Ihe spccl ILIIII diaf,rdlll shofvill~  IIIC
frcqucncics of tlm pLlltip an(i (IIC IN illouin scal[cI ing.  \$’llCIl [ilc flcqucncy  C)f onc of tbc si(icbanci is coillcldc
witil the frequency of ttm llriiioLlin sca[[c[irlp,, it wili bc allljjllflc{i.  c) ‘1’hc cxpcrimcntiii setup for
cicmmrstrating  IIriliwin Scicclivc Sidcl]a[l(i  Allli)i~iiflc:tti(l[l.

‘1’akir]g an optical signal havirlg a car[ier of 51rlw arid siddhlflcif of 0.1 mw as arl cxarnplc, orw can clcariy scc tllc
efficiency of the seiectivc  sideband al]l[)lificatio[l. Tile IL’u,i\’cci cicctricai  }~ower aftc~ tile })ilottdetc’clor i~
pr(l})c)rlicrIlal to 5 x 0.1. “1’0 amplify tilis beat sigllai by 6 cfil, all optical power of at least 5.1 mw is Ilmcicci if bottl
tile carrier ami the siciebal,cis are am})lific~i  (cio~ll)iill~ tit[ })OIVCI of both the carrier anti tllc sicfct)at~cls).
1 l(~lvcvcr, if or~iy a Ilmciy sideband is aIlll>iific’ci,  oIIiy 0.4 IIl\\f of c)f~[icai  power is Iwccid  (increasing tile
siciet)ancf 4 times).
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I;rcqucncy (Gil?) I’icqucncy  (Cil  1/) l’requcncy  (GI17) I’rcqucncy  (Gl 1/)

l“Ig. 3 lixpcrin~cnla!  resui($  dcnmns[rdin~  }{riliouill  Sclcdiw  SIdcb:Ind Amplification Icchniquc.  a) 1’LImp  is tuned 10 bc

alip,rlcd  with a signal sidcbami  An RI; p,ain  of 3i.5 dli i~ observed h) I’hc pump iascr is tuned sli~,h(ly [~lisalig,rd
with the sir,nai sicicband an(i the f,ain dcc[eascd to 28.7 dll. c) ‘l’tic pump iawr is fur[hcr luncd away and the g,ain
dccrrascct  to 16.5 dt]. d) I’hc putlip Iascr is tuned tuned t~vo Fairl banctwid[tl away  and tllc K1;  g~lirl  dccr~’a~cd 10 ~ cIIJ.
‘i’hc frequency span of [hc n]eawrcn]cn[  is iOO M} i? ard the rmisc ban(iwiclth is i h411/.  “1’hv irlim[ Rl; sig,nai  is at
5..43 (;tly will) a power of -2.17 dllrll.

l;ig. 3a to 3ci arc the cxperirncntai resuits cierncrnstrating ti~c am})lificaticm of tlw 1<1: sigllai l~y i}riiiouiri
scat[cring. lr~ tlw fi~Llre, tile broad peak is tiw beat bdwem tile sigl~ai  carrier al~~ tile l~riiiollil~ sCatterirW.
l“he narrow and clean peak is tiw rcceivd l{i: si~nai  or tlw beat of tile sigrlal carrier ar]d the 1{1; modulation
sidebands. It is evicierlt  that when tl]c ICrwcr sidd)and of the I{i: signal is aiignecl  witi~ tlw [Jriiiouin scatkring



f:EuwL
5.41 5.4? 5.43 5.44 5,45 5.41 5.42 5.43 5.44 5.4S 5.41 5.4? 5.43 5 .44 5.45 5.41 5.42 5.43 5.44 5.45

I’rtqmm’y’  ((;11/) f;rcqucncy  ((ii [/) l’rr’qmwy  ((; }[/) Ircqucncy ( G i l / )

IIF,  4 l{k[wrilllcnldl  rc.sul[i strewing Iha[ a~ Ihc inpu[ RI; [Iwci irmcdw.  II CIIII Ic[[ (u IIy,tll, llIc Oul[)u(  sl~fIal  Icwl  slays the
salne, rc<ulling  a dcc[cawl  gain but all inc[cawl  sif,lldl I o mliw rd[lo (mm’ lIK IIoisc ftwl dcclcaw~ al the same lime).
I’f{)l[l  a) to d), the input k}; power arc -1? 17, -7.17, -2.17. aid ? 33 dt~rli rc~[w~[iwly  atd the cOIIc\pOndlng .gaill arc
3x.5, 35, 31 5, aIId 27.17 dll. III all the lllc;ls[lr~llt[.rlr,  tt!c  SII,III  if 50 hll[/ and  rlw rcw)luriorl  hardwid[h  is 300 ktlz
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fr~,. 5. a) 1<1’ link F,ain a$ a functicm  of 1<1’ iljpu[ [K,JVC[ to the nwlula[(m. A st[inll sig,nal  lIIIk  F,ai[]  of ?0 dt{ vas obtained
ufittl  o[lly 2,.6t rll}V q~[ical  power irl the [~tl<)[dctcclol.  ‘1’IK F,dill  dcclc”aws  at Iligll i[lput }<l;  p(lwcr Icwls.  ‘1’hc
oplicfil  puIIIl)  powfci  in the expc[inlc[ll  is I 2 23 mW. b) The F,<iill  of Rl; sig,ml~  \fs, optical pu[llp power  for difimn[
l{l; i[lput pow[s  l<, tllc rlmlula[w.  Su\[an[ial  RI: F,ai[l  was ob[aincd cvcrl wtlcn Ihc pull)p potvcr  is[ll~lctl lower than
the SI!S thrc~llold level of 10 [IIW. N’o[c ltla[ (tic g.airl salufdlc al higlh opicdl pUIIII) powi.

l;rom tlw ex}wrirnclltal results al)c)vc orlc ccan scc that the l~rillouin amplificatiorl lias tllc following properties.
l;irst, it is very efficient and rc’qLlircs very low l)LIII1l)  power. A l)l;ll  laser witl~ a few n~illiwatts  output po~~rcr  is
sLlfficierlt  to achieve actcquatc signal arn]~lificati(m, (’msequcntly  it is much less cx[)cnsivc to im~)lemcl~t tl~an
an Ill )I;A or ar~ SOA, Second, it has very narrow gain tmr~ctw~icfth which is aclvar~tageoLls for the efficimt
sclec[it~e sideband amplification, however is disactvarltagcous for arll})lifyirlg  a sig[lals with wide
ballctwictths.  Third, tlie weaker signal generally gc[s a }}i~,her  gain, tlo~vcvcr acconlpanid t~y a IIighcr
amplifier noise ‘1’he noise is due to the sfmrltanrwus I;rillollin scat tcri[lfi of tlw pump laser. If tile seed sig[lal  is



sufficimltly strcmg,  tlw stinlulate I;rillotlin  scat ter ing irvdtlcccl t]y ttlc seed kvill  dominal~t and cfcplele the energy
that n]ay otherurise goes to tllc noise (sfmntancwus  Brillouin sca[tcr-illfi). t;or an externally nloctulatect  link, wc
found experimentally that tlw amplifier noise is insignificant if ttic ill~)ut 1<1: signal is sLlfficiently strong tl~at
t}w 1<1~  gain is less than 30 all!. l:i[~ally, t]w gain saturates for large sig[~al$  ~vitll  fast response time. As in an
SC)A, this fast gain satLlration will generate  il~tcri~~c)dlllatio~~  I)r(dl{ct> al~d ciistorl ttw si~[lal.  111 the following
section, we will discLlss and clcmonstratc r[)any applicatiol~s  in wt~icll tllc advantages of the I{rillouin
amplification can be fully utilized, while its limitations can t)c circunl~’c’ntect

Al’]’] JCATIONS  01: 1;1<11  lK)UIN  AMI’I ,lt:l(’Al’toN
1 .  I’lIasc Modz/lotio~z To Aulplitl(dc Modl/lntio~/ [o}lvcrsio~l
III all ccmmunicaticm systclm,  no matter how the signal is being sent (either amplitude nmtulated,  frequency
modulated, c)r phase nloctulatecf),  the received signal must finally tw convcrkct  to anl~)lituc{c  nloctulation.
Therefore, efficirmt ad stable conversion of phase modulation to anlplitLlctc modulation is extremely important
for a system employing phase mod ulat ion scheme.

Almc)st all the phase to anlplitucte conversion is accomplished by citlwr tile homocfym method in which a
phase mcdulatcct optical carrier is made to beat with an ulmodulatd o~)tical carrier of the same frequency, or
tllc lwtcrodync mctllod ill w’t~icll the pllasc Imctulatcct o~~tical  sifi[lal is made to twat tvith ilIIC)thCL’ opt i ca l
carrier c)f different frequency. A gcd example of tlw hon~cdyiK’ n~ctll(d is the h4actl-Zel~nder  mcvdulator in
which an optical carrier is first splittect into twc), me of tllcln is tllc[l ~)llasc nlodulatcd. The nloctulatect  half
and t}le unnloctulakd half finally combines in the photmfct(ictor to f)f-educe a corrcs}mrldillg amplitude
Inodulat ion,

(hlc lnajc)r problc~n asscwiatd  with the homoctym and hctcrcdyl~c is ttw stat) ility, cs~wcially when tlw t~~’o
t)catin~ optical signals arc from different sources. Altl]oug}l o[)tica! liorl~odyl]e  and t~etel odym  con~n~~lnicat  ion
systclns were proposal and cxtmsivcly  stLlcfid by many wsearc-l~el>, tllcy never twcolllc’ })1 aclical clue to the
stability problems. llven tl~c, commonly used h4ach-Y,ehnder  mod~llat(lr still have clrift ~>r(d)lcms caused by
ctiffclcntial })atll lcn~[ll fl(lctuations of tlw tw’() olltical arlns.

lt is well known that the phase mcdulaticm of an optical carrier introduces many sidebands, each has certain
phase and anlplitLlcfc relationship with the carrier and with each otllcr. WIIy don’t tile siclebancfs beat with
the carrier ad beat with cacll other to produce amplitude mocfulations? They do beat, l~owever because of the
pllasc ald anl])lituctc relationship c)f the side bands, to cacll twat si~llal, tlwre always is a correspc)ncfing twat
signal ~~’hich has the same anlplitLlctc and frequency but o[)}msitc ~)lmse. They calicel cacll other oLlt perfectly
and produce no mt amplilucte nlcdulation An~plitude modulation  will result if this perfect balance is brokc[~

WC’ demonstrate that Brillouin amplification is ideal for tile Phase nlmf Lllation to alnplitucfe modulation
conversion. lkca~lsc of the extrcn~e narrow banctwidtll of tile l~rillouin gain, sclectivc  am~)lificatirm c)f a
particLllar  sideband is pc)ssiblc. 3’hc amplification of a single or multiple modulation sidebands will break the
perfect anlplitLlcte balance of sidebands of a phase mcdLllation and cause tlw pllasc moct~llation to converl to an
amplitude modulation. “1’he convertd anl~]litucte  modulation is extremely stable, inlnlunc to tlw fluctuations ill
tlw frequency of the optical carrier, the tcmpcraturc, and tlw fiber lm~lll. in addition, the conversion is much
more efficient than any ot}wr method ctLIc to the gain obtairld  by tlw sidebands.

“l’he experimental setup is sirnitar to }:ig. 2C except that a l~hasc modulator is usd tc) replace tlw Macll-7,et\nctc[
mdu]ator. T’he spcctrLln~ c)f tlw phase modulated signs] laser is Sltowrn in I;ig. 6a ad the spectrum of tlw pLIInl~
laser ad its l\rilloLlin scattering is sliown in l:ig. 6b. In order to amplify a phase nloctLllaticm sideband, eitlwr
the pLIm1) laser frequency c)r the signal laser freqLlcncy s}]ould be tLlned so that tllc sicteband is aligned with the
Brillouin scattering frcqLlency (aboLlt 12.8 [;1 Ix below t}w l) LIIN}) laser frcqum]cy). “1’he t)cat between the



amplified sictcbanct  and tlw carrier is tlw ctOnlinant  ccmtributor  of tlw converted amplitude nlmtulatiol~.  In ttw
ctemonsttaticsn,  an 1<1: signal was usccl to ctrivc tlw phase mociulator anct the Out[)ut froln the photodetector is
conncc(ed to an 1<1: spectrum analyzer. Without the Brillouin pLInlp, no l<l; signal was obscr~’ecf. When the
~111111~)  k tllrld 011 and ltS fK’qUCllCy  iS aliglld With tll(”1 C)KIC’[  SidC’t)aIldS, a StKMl~ Si~llal Sh[)\\’11  ill l;l~. 6C WaS
detected by tlw s}wctrLlnl a]lalyzer, illcticating an efficient phase moctulatioll to amplittlde modulation
Conversion.

Slg[lal  earlier
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I;IF,.  6 (’orlccijt arid (Ic([)()[ls[r<ili(,r]  of I!rillouin  plIaw’  Ilwdula[iorl  [ 0  anlplilwlc  [Il(dulalio[l  umvcrsion  a )  lJII:Iw Iuodulatiu[l

s~~cc[rur]l.  b) l’hc  s~Icc[ILlnl  o f  tllc pLlnlp  Iascr  and its  llrilloLlirl  sca[tc[ing  R’hcu o n c  of t h e  ptlaw r]l[dulalion  sidchand

i< aligllcd v., ith tt)c IIrillouill  frqucncy,  it will bc anlplificd and break [hc p.rfcc(  amplitude banlcrlcc of ltlc ptla~c
[Imdulalion. c) ‘Ihc rt’(’~’lvcd RI;  Sl)cdrlllll  of a l)llaw ndulated si~ml of N(K} hfl [/ when the - I sldc’}1.ird  is arnplif[cd
by IIrillouin  an}pliflclitltln ‘[’he Rl; inpot l{) IIlt. rlmlulator  is 10.83 dl)rtl :flkl lIK rcsolu[irm tmrdlii~llll  01’IIw  [rlcawrcllwll[
if 1 0 0  kl17. d) lhc r,<clud  Rl;  spcclrulll  of II IL.  sdrllc phase  rnodLlla[d  >i:’[1.11  wtlcll  -5 sirict~iirl(l  I. :jl[ll~liflcd “1’hc inpu[ 1<1’
[,o~vcr  is 20 dl]n) arl[l  [1), rc<ol~r[ion bandw,idltl ri 30 kll?.

. 2  }’rcqIIcIIcy  i141/ltiplicr7tio)l
l’hasc modulation c)f an c)ptical  carrier generally generates many sictctjands. As shown in l;ig. 6, one may
selectively amplify a higher order siclebancf and obtain beat freqL]encies multiple times of the frequency of the
l<l; driving signal, l:ig. (ic arid I:ig. (id show the rcceivect  1{}: spcctrLlrn when the -1 order sicfebanct  and -5 order
sideband were amplified r~’spectivcly.  ]t is evident from l:ig. (id that frequency components as large as 9 tilncs
of the frequency of the Ctrii’ing sig[lal is efficiently gmcratcd. Note tl~at the phase mod~tlator used has a
specified bandwidth of only 0.5 Gt Iz, }Iowever,  with the aid of tile selective Ilrillouin amplification, it
generated frequency as hi~h as 7 G1 IY.. With the same token, it is reasonable to expect that a common 10 G1 lz
modulator can be Lwxt to obtain signals cwceccting 100 G1 17., especially when it is combined with the harmonic

3 ‘this efficient Brillouin frequency rnulti~)lication  is thereforecarrier generation techniqLle  Of S. l’apert et al..
very useful for generating nlillimeter wave photonics signals, m’ithc)Llt the needs of using expensive high speed
moctulatc)rs, using high frequency sources, and overly driving tile nloct Lllatcsr.

3. I’hoto}fic  si$)lr7)  nlixi)l$ 7oit/1 Brillolli)l $ni)l
l’he concept of l)hotonic K}; signal up conversion and ctowII conversion is very attractive because it has virtually
infinite isolation between tlw local oscillator (1,0), radio frequency (RI:), and intermediate frequency (Ill)
ports. in addition, OIK’ step conversion from RI: to 11: or from It: to RI; can be achieved no mat[cr how largc) the ]1:
and lU~ frequency different from each c)tlwr. I’hotonic mixing has been ctenmnstrated4 by many authors using
two cascaded Mach-Zch-rcler eleclro-optic an~p]itLlde modulators. Onc of the modulators is driven t>y a I ()
sigl~al and the other rnc)dulator is driven by a signal. Thc beating between the carrier arvd the signal sidebands
in the photodetector converts the signal back to electrical domain, while the beating between the 10
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modulation side bands and the signal modulatiolt sidebands in the photcsdetec[m produces the dowll and Up
converted signal. I]ecause the 1,0 sidebands are alu’ays muct~ weaker than the carrier, t}w conversion process is
always accompanied with a large loss

SIF,IIal  (’fil[icr  I,0 1 S( order

I.0 211(1 cmkr Signal lower sidchand I,0 211(I  Orclcr
Icrucr sideband sidchand Upper sideband

.L_liL[lm mm i b

+

u s Sig’llal U[l[lCI Ol)lical frequency
a) l.0 1 st ordc[ sidcba[d

, Iowcr  sideband
t

1“1.g.  7 Illuskd[ion  of pho[o[lic sis,rlal n)ix.ing  Wittl Brillollin  gain

As illustrated in l~ig. 7a and lig. 7t), using l~rillouil~ a[l~l~lification c)nc can dramatically increase one of the I ,()
modulation sidebands when it aligned w,itl[ tile l\rilloLlin freq Llcmcy.  in tile ill Llstraticrn, tllc ]ol~~er 1,()
moctulaticsn sideband is anlplificcf. Since tllc ctol~’11 c{)n\’crtecl signal is the beat betwecll the lcsw’er 1,0 sideband
and the lower 1<1: siclcbancl  plLIs the beat between  tlw uf~[wr 1 .() and upper 1<1: sideband, amplifying one of t}lc
I 0 sideband will incrcasc the ciown converkd  si~llal.  Sin]ilarly, since tlw u~)-cwnvcrtecf signal is the beat
between the u~~per 1,0  sideband allct tlw lower 1{1 sid(llat~d plus the beat between the lower 1,0 sictcband and
the upper l{t:, the amplification of one of the 1,() will caLI\c  ttle  up converted  signal to bc  amplifid.  If the 11)
sideband is anlplified to be larger than tlic carrier, tllc conversion will then experience a gai[],

It is important to l~otice that tllc I{rillouin an~plificatl(l[l a$sisted signal nlixillg described aboi’c is independent
of the ba[~dli’idtll  of the 1<1: si~,[l,]l ill spite of tl~c nar  I~II\  l)andwidth  of tllc l~rillouin amplific ,ltic)l].  l’his  is

Iwcauw only tltc single tcs]m 1,() siclct)and  band is l)(lr]j;  ,illll~lified. 3’hcrcfotc, usins I{rillouill anlf]lification for
signal mixil]g can avoid tl[e shortfall of its narro~~’ alll~)lification  bandwidttl. Although it is possible to
amplify the l<IJ instead c)f 1,() to acl]icirc the salnc 11~ atl~~>lificat  ion, tlw sig[]al bandwidth will be limited by
the l\rilloLlin alnplificatic)n  bandwidth,

Em:m
0.36 0.38 0.4 0.42 0.44 10.72 10.74 10.7610.7810.80

l:rcqLmrcy  (Gt 17) I;rcqucncy ([ill?)

f , , Y——

-20
-40
-60
-80

1 2 3 4 6
I’rcqLlcncy (Gl[:)

Fig. 8 I;.xpcrirmn[al rmull clcmonstra[ing amplified photonic mixing ancl frcqLlency  mul[iplicd signal up conversion.
a) Spcclrum of down  convrxkd  signal. b) Spcct[unl  of up convcr(ccl  sig[lal. c) ‘1’hc spcc(rLln] of a frcclLwncy
n~Llt[iI1licd  ad l]P c~nvcr[cd  si~[]al. l“o[ a) a[d h), the [.0 a[d ~i; freqLtc[lcics  arc 5. I 8 ard 5.5873 ~Jt [7. r~sf)~c[ivcly.
I:or c), the ll; frcqL]cncy  is 0.1 Gil/ and the 1.0 freqLlc[lcy  is 0,8 GI17.,  As ind!ca[cd  in c), {tic 11’ sigrlal  up
converted to as high as 6.4 GI17. with an 1.0 of only 0.8 Citlz.  ‘1’hc nLlnlbcrs on top of each peak incficatc  the number
of harmonics of the 1.0.

We performed twc) experiments to demonstrate tl~c photonic mixing with Brillouin gain. “1 ‘he setup for the first
experiment is similar to F’ig. 2c. In the expcrinwnt, the modulator used has two independent 1{}; input pork
with an isolatim~ over 40 df;. An 1,0  signal of 4.83 dl!m at 5.18 C; I Iz. was injected into one of the port and an RF
signal of -5 dl~m at 5.5873 (;1 Iz, was injected into the other pc)rt. l’he modulator was biased at 5f)0/0 of the



transmission prxrk. Without the Brillouin amplificatiml, [Ile total optical power at the detector is 0.3)4  INW,
the received 10 is -40 ctflm, and the received 1<1: is -52 cttlm. At a pump power of 12.112 XNW, the Brillouin
amplification increased the total optical power at tllc detector to 2.61 nlW and increased the 1,0 power to -]5
cfltnl. ‘1’hc received down convcrlcct signal is -40 cillm and tllc up converted signal is -42 cfl;rn, resLlltccf in a cIow’11

conversion gain of 12 elf} and up conversion gain of 1(I ctl}. Ttlc spectra c)f the amplified 1,0, clown converted
signal and Up converted signal arc shown in I:ig. 8a atlct l;ig. 8b. Similar results also obtained by cascading ttvo
Mach-7,chnctcr  modulators.

With the concept of flrillouin phase modulation to amplitude modulation conversion discussed above, we also
demonstrated using two cascaded phase modulators to replace the h4ach-7,chncfcr  amplitude modulators for
achieving efficient phc)tonic  mixing, as shown in l:ig. 9a. ‘1’hc elimination of the two h4ach-Zehnctcr amplitude
modulators will automatically eliminate a total of 6 dl} o~)tical loss associated with biasing the modulators,
resulting in an 1{1; gain of 12 cIB. In addition, it will also eliminate the bias drift, thus making the photonic
link more stable.

5. } ‘wqI(ctIcy Multiplied  Sig)lr71 Up Co)/mrsioll
In the cxpcr;mc[lts  described above, if a higher c)rctcr 1.0 n~octulation sideband in l;ig. 7a is amplified, the beat
between the higher order 1,~ sideband with the signal sidebands not only Wrill convert tllc ]l; signal to the 1,~
frequency, but also the to t}le multiple of the I 0 frequency. We ctcmonstratcd this frequency multiplied signal
up conversion ~vith two 0.5 Gllz, phase modulators in l:ig. 9a anct tl~c results is shown in l:ig. 8c. With the
amplification of the -5 order sideband of the 800 Ml IZ 1,0 nloctulati(ln, the 100 Ml lY. signal is up converted to 6.4
C;} IY, a 64 times signal Lll>-ccJ1lvcrsi(J1l. It is again reasonable to expect that \\rith a 10 (;1 17 modulator and 10
[;1 Iz, 1,() soLlrce, one can easily up convert a low frcqLlc’ncy si~nal to 100 (;! 1? and bc’yonct, especially u’hcn this
tcclmique is ccmbincd  witil that proposed by C’. Sun et al,5.6

12.8 kill fiber

‘--5’
I,0 I .am 01

l;lbcr 1’1111)[)  1 ,ava D
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Rcce.ivc[
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l’ump 1.as~.r

11’Ig. 9, a) Plmtrmic  mixing expcrirncntal  setup.  b) A typical mhcrcnt  hctcrcdync  communication link.

6 .  1’}1osc n)ld I’wql[r}lry l,ocki~zg itz Co}zcrc}lt I letcrodym  Systc}}/s
In a ccdlcrent  homoct ync or hctcroct ync communicant ion link, a strong local oscil Iator is generally placed in front
of the receiver to interfere with a phase modulated optical signal and convert it into an amplitude mcdulatcd
signal, as shown in I~ig. 9b. Since the local oscillator is much stronger than the original optical carrier of the
signal, the receiving sensitivity will be greatly improved. Onc major obstacle preventing the coherent system
from practical is tllc relative phase and frcqLlcncy instability of the signal laser and the 10 laser.
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I xmking from a different angle, the photonic mixing configuration is essentially a coherent heteroclyne system
with the advantage that the 1.0 laser is automatically phase locked to the signal laser, as shown in Fig. 9a.
lnsteact of directly sending the 10 laser signal into the photodetector like in a common hcterodyne system, wc
send the 1,0 laser (the punlp laser in l:ig. 9a) towards the signal laser. ~’uning the frequency of the I 0 laser to
one of the 10 modulation sideband, the sictcband will bc greatly amplified by the 10 laser via the Brillouin
amplification process and go into the detector to beat with the signal sidebands. IlccaLlse the phase and
freqLlency of the amplified 1.0  sideband are derived from the signal laser and therefore are aLlton~atically
locked to the signal laser, with a stability determined by the electrical I D driving signal. On the other hand,
most of the power of the amplified sideband comes from the 1.0  laser. ~’hcreforc, the 1,(> laser is indirectly
phase locked to the signal laser throLlgh the seeded HrilloLlin amplification process.

7  Rrilloz{ill Opto-l;lectrotlir  (“)scillnfor
Using the powerful Brillouin selective sideband amplification concept, we successfully clemonstrated  an all
optical C)pto-Iilectronic Oscillator without using any electrical amplifier and filter and \ve termed such an
01;0 as Brillouin 0110.  l’he elimination of the electrical amplifier in the 0110  will make the device more
compact and less power consLm~ing. I’erhaps more importantly, the elimination of the amplifier also
eliminates the flicker noise associated with high frequency electrical amplifiers, resLllting an 0110  with lower
phase noise. in addition, a phase nlodLllator  can be used in the l\rilloLlin  01{0 to replace the amplitude
nlodLllator in a conventional [)];(), eliminating the freqLlency drift associated Wit}l the bias drift of an
anlp]itLlde modulator.

8.~t//cr /lpp/icaliot/s
As described previoL1sly, IIrillouill atnplification has the disadvantages c)f narrow bandwidth and saturation
ind Llced nonlinearity. in all the applications described above, we sLlccessfully  avoided these disadvantages by
selectively amplifying a single tc)ne.  l’hc beats of this amplified single tone with the carrier and other signal
sidebands is the base for all the “tricks” used in the vario~ls applications.

In adclition to the applications described above, BrilloLlin amplification can be Llsed as a turlable filter with
gain, With the ]~ril]ouin amplifier, one can se]ectivcly amplify any part of the’ 1<1: spcctt LInl by simply tuning
citl~ct- the frequency of tl]c  pulllp laser, the fl-c~qucncy  of the sigy)al  laser, or RI; carrier frmlucwcy. SUch a tuning
and a!nplification capa~~ilily  can be Llsed ill a t)roadcasting syst(’in , sLlch as CA1’V, ~~r]lcr(-  each receiver lias a
pun~p laser so that eacli Llsc,r  can tune  the  frcclumlcy of the pLImp  laser  to select a charlncl. T’lw same Concc})[ can
also t~c Lmd in frcq Lletlcy division nlLl]tiplcxillg  systems for sig!la] CiC’Illlllt il)lexillg.  ];illa]ly, because of its agile
tLlnability,  the ~}ri]loLlin  an~plificr’ shoLlld prove extremely usefLl! in secLlrc  collllllLlllicaticlll  systems where the
carrier freqLlency of the trans~nitter  may hop rapidly. in order for a receiver to receive tlm correct data in such a
system, it n~Llst be tuned synchronously with the transmitter. Armed with a key seqLlence for carrier freqLlency, a
receiver equipped with a BrilloLlin amplifier is ideal for such a secure conm~Lmication system.

SUMMAKY
In sLln~n~ary, we have demonstrated the powerful concept of l\rilloLlin  selective sideband amplification. Such
an amplification scheme is n~Llch more efficient than any other optical amplification schemes becaLlse all
Brillouin scattering energy from the pLln~p laser only goes into the needy weak sideband. I; Llrthern~ore,  bccaLlsc
the strong carrier is not aniplified,  the satLlration  of the receiving photodetector can be avoicled. Using the
llri]loLlin selective amplification techniqLle,  we obtained a net link gain of 20 dl; of an externally rnodLllated
photonic link at 5 GI 17 with an optical power of only 2.61 mW in the photodetector. SLlch a large and efficient
signal amplification will prove extremely important in systems with narrow instantancoLls kjandwidth bLlt
broad overall bandwidth (e.g. widely tLlnable systems). It can also be Llsed in an opto-electronic  oscillator
(OIIC)) to replace the bLllky, power consLln~ing,  and cc)stly 1<1’ amplifiers, resLllting better performance with
redLlced  size, power, and cost.

We also dernonst rate broadband photonic signal up and down conversion with 12 d[] gain by Lwing BrilloLlin
arnplificat ion. Such a dernonst ration makes photonic mixing readily applicable withoLl t having to employ
high power lasers and high power photodetectors.
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We further demonstrate using Brillouin amplification to convert phase modulation into amplitude modulation
so that one can use lower loss phase ~nodulators  in photcmic links to replace conventional Mach-2khnder
modulators. SLLch a replacement not only results in much higher link gain, but also eliminates the bias drift
associated with biasing the Mach-Y.ehnder modulators. ]n addition, the Brillouin amplification can also tL1rn
a phase nlod Lllator into an efficient l)hotonic frequency multiplier with large multiplication factors, without
having to overly drive the modulator nor to use high power lasers. l’his makes the photonic frequency
multiplication practical.

We believe that Brillouin amplification will open many opportunities for the research and development of
microwave photonic systetns and devices in the time to come.

This work was carried oL1t at the Jet I’repulsion I.aboratory, ~alifornia InstitLlte of Technology, Llnder a contract
with the National Aeronautics and Space Administration. We thank John Dick, W. Shieh, and G. lutes for
helpful discussions.
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Prolems to Solve of Photonic Microwave Systems

1) High E/O and O/E conversion loss

To lower
————>

————>

the conversion loss

High power laser
————>

————>

————>

High cost

High Power Detector

Harmful Stimulated Brillouin Scattering (SBS)

High power electrical pre-amplifier

==> Large power

==> Nonlinearity

w I w @ e R -

2) Bias drift of external modulator

* Brillouin Amplification can solve both problems



Brillouin Scattering & Its Properties

Optical pump ~ Acoustic wave

Piezoelectric effectOPtiCal field .-------------->

acousto-optic effect------ ------ ------> diffract optical

VBS =

Properties:

2nv.
LP

~ Brillouin  scattering

electrostrictive  strain ==> acoustic grating

wave ==> Brillouin scattering

tQ-
y) -v~~ Vp Optical frequency

2) For 1300 nm pump, VBS - 13 GHz. For 1550 nm pump, VBS -10 GHz

3) Extremely efficient
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The concept of selective sideband amplification
i
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S11S Signal Amplification
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RF Gain vs. Optical Pump Power
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Amplified Signal vs. RF Driving Power
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1.

2.

3.

Limitations & Advantages

Limitations I
I
1

Narrow ins tantaneous  bandwidth

==> No good for digital communication

Relatively high amplifier noise at low
signal level

I
==> May decrease SIR. I

I
Low saturation I

==> Nlav cause intermodulation distortion I

for”kM systems. I
I
I
I
#

1.

2.

2

Advantages

Narrow instantaneous bandwidth

==> Selective sideband amplification

Wide overall bandwidth

==> For widely tunable systems

. Agile tunability

==> For FDM systems as a tuner with amplification.

4. High efficiency
==s Only amplifies the needy, less power consumption.

A lot of applications in which we can

Get around these limitations Take these advantages



Applications of Brillouin Amplification

I) Arnpl~fy@ ~ s@le t~ne, such as an LO signal.

==> No worry of interrnodulation distortion.

2) Tuner for FM Frequency Division Nlultilexing systems or frequency hopping systems.
:::;;:

Optical frequency

Like a narrow bandpass N e
filter with high gain Tuning pump frequency

‘BS Optical frequency
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Applications of Brillouin Amplification

3) Signal up & down conversion

For both wide & narrow bandwidths and for both FM & AM systems.

A

1IN Pump

— b
‘uJ3s I)p Optical frequency

A 4
Signal

1
m Carrier

Signal lower

‘LO1owc~‘idebaawside’an~
q Optical frequency

Demonstrating Photonic Mixing with Brillouin Gain

RF in
1320  nm Modulator Isolator

~—-
LO in !

Variable 12.8 km fiber
1320 nm Isolator Attenuator
laser~~

m)

“F -

~~o po~~~n~etcr
To power meter
or fast photodetector &
RF spectrum analyzer
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SBS Assisted Photonic Mixing
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Applications of Brillouin Amplification

4) PM to AM conversion by selective Brillouin amplification

RF in

i
Pump Laser

Signal I.aser Phase Modulator

~~

]so]ator  ( tunable)

Isolator ‘<~< ,e::

Brillouin  Scattering Plllllp

- I .-.1.

(a)

— — +-

1)13s 1)1) Optical frequency

J Signal carrier

U

; aligned
(b)

71 =3-L

7

l.), u 1) v
u.~ . +1 +2 +3

Optical Frequency
8BIII
~ Amplified by BS
[B

Advantages: v

* Lower loss by at least S d~.

* No bias =z=> No bias drift.

* Lower cost
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PM to AM conversion with
Brillouin An~plification

(Span:  100 MI [z., RBW: 1 Mllz,,  Pump l)owcr:  11,8 mW,
O 55 nlW op(ical  output without IIrillouin  amplification )
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Frequency Multiplication using 12/10/96
Brillouin PM to AM Coversion
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Applications of Brillouin Amplification

5) Signal mixing & multiplication with phase modulators

LO in I@ in

+1
Punlp Laser

Signal Laser IsOlatOr (tunable)

I ?~=–m
M o d u l a t o r  Modu/a.tor  - –  lleceiver

PLIHIP

Ilrillouin Scattering
A

%

kSignal carrier A

~ Amplified by BS

y+~ ] M’t i - - L
‘1), u v ‘U

. +1 +2 +3
Optical Frequency



Photonic Mixing with PM & Brillouin  Amplification

First order up and down conversions
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Comb Frequency Generation with Double Phase Modulators

(5th harmonic is amplified with Brillouin  Amplification
Optical power to detector with no amplification: 0.5zI mW)

Span: 800 MHz, RBW: 30 kHz Span: 100 MHz, RBW: 1 MHz
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Applications of Brillouin Amplification

7) Brillouin Opto-Electronic  Oscillator

YAG Laser

E

4

1
12.8 km fiber

circulator

No electrical amplifier

N’o electrical filter

k12.8 GHz

‘BS

-=!t
I
1
I

* Using a separate pump laser can make a widely tunable OEO
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Brillouin OEO 1/8/96

Span: 100 MHz, RBW: 300 kHz
Three data set are taken at different time. Mode hopping is

cleat seen when superimpose the three data sets on a same graph.-30 *—-- \ I I I
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SummarvJ

1) Discussed Brillouin scattering & its properties

2) Introduced the powerful selective sideband amplification concept

3) Presented Brillouin sideband amplification experimental results

4) Discussed Advantages & Limitations

5) Presented experimental results of the following applications

i) Single tune amplification

ii) FM & PM communication with agile tunability.

iii) Photonic signal up & down conversion with gain

iv) PM to AM conversion

v) Simultaneous signal mixing and multiplication with gain

vi) Frequency multiplication & frequency comb generation

vii) Brillouin Optoelectronic Oscillator


